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Abst rac t - -The  phenomena of conjugate convection-conduction heat transfer of a non-Newtonian 
fluid on a continuous moving flat plate were investigated numerically. The self-induced forced con- 
vection heat transfer in this study reveals some significantly different characteristics. Of particular 
interest were the effects of power-law viscosity index, generalized Prandtl number, and material para- 
meter on the heat transfer characteristics and temperature distribution on the plate. The temperature 
level is found to decay gradually with distance along the moving surface. The local Nusselt number 
increases monotonically with the distance and eventually attains a constant value. The skin friction 
coefficient on the wall displays quite different features for the present fluids. 
NOMENCLATURE 
C specific heat of the fluid 
C I skin friction coefficient 
Cp specific heat of the plate 
h heat transfer coefficient 
K consistency index 
k thermal conductivity of the fluid 
kp thermal conductivity of the plate 
L length of the plate 
Nux local Nusselt number, hx/k 
Pe Peclet number, Uw ~2/(c~pL) 
Pr generalized Prandtl number, 
L U~, Re-2 / (n+l )  
R property parameter, 
( kpC ~ 1/2 
kp pp Cp J 
Re Reynolds number, Pu2-nLn 
K 
T temperature of the fluid 
To temperature of the plate at the slot 
% 
Too 
u,y  
U, V 
X,Y  
x, y 
Yp 
Ot 
0 
P 
Subscripts 
P 
W 
C~ 
99 
temperature of the plate 
ambient temperature of the fluid 
dimensionless velocities 
velocity components 
dimensionless coordinates 
coordinates 
y-distance within the plate 
thermal diffnsivity 
dimensionless temperature of the 
fluid, (T - To~)/(To - too) 
half thickness of the plate 
density 
condition at the plate 
condition at the wall 
condition at freestream 
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INTRODUCTION 
The problem of heat transfer on a continuous moving surface has many technical applications 
in industrial manufacturing. Well-known examples are rolling sheet drawn from a die, cooling 
and/or drying of paper and textile, manufacturing of polymeric sheets, sheet glass and crystalline 
materials. Sakiadis [1-3] was the first to introduce the concept of continuous moving surface. 
Due to the entrainment of ambient fluid, this situation represents a different class of boundary 
layer problem which has a solution substantially different from that of boundary flow over a 
stationary surface. Tsou et al. [4] extended the research to include the heat ransfer phenomenon. 
The combined forced and free convection adjacent o continuous, moving sheets was studied 
numerically by Chen and Strobel [5] for a horizontal geometry and by Moutsoglou and Chen [6] 
for an inclined geometry. It is concluded that a positive buoyancy force contributes to an increase 
in the local friction factor and the local Nusselt number in these two studies. More recently, the 
analysis of conjugate heat transfer on a continuous moving surface has been investigated by 
many authors [7-12]. Erickson [7] studied the cooling of a moving continuous flat sheet. Grubka 
and Bobba [8] investigated heat transfer characteristics of a continuous, tretching surface with 
variable temperature. Chida and Katto [9] analyzed the conjugate heat transfer of continuous 
moving surfaces, and verified the analytical results by measurement. In addition, Karwe and 
Jaluria [10,11] presented the fluid flow and mixed convection transfer from a moving plate. The 
results obtained were compared with those for the idealized cases of an assumed surface heat 
transfer coefficient and of a moving isothermal surface. 
Recently, the problem of non-Newtonian fluids has received considerable attention because of 
the wide use of these fluids in chemical process industries, food engineering, petroleum production, 
and power engineering. Many of the non-Newtonian fluids encountered in chemical engineering 
processes are known to follow the empirical Ostwald-de Waele power-law model. Valuable con- 
tributions to the problem of a moving surface in this fluid have been investigated. Char and 
Chen [12] studied the temperature fi ld of such fluid over a stretching plate with varied heat flux. 
Pop et al. [13] presented the heat transfer of non-Newtonian fluids on a moving cylinder for both 
constant wall temperature and constant wall heat flux. A second-order boundary layer solution 
for such subjects was investigated by Pop and Gorla [14]. It was pointed out that the generalized 
Prandtl number and power-law viscosity index affect he flow field to a large extent. 
The conjugate problem including convection and conduction is of more practical importance. 
In addition, in most practical cases, interest lies mainly in the temperature distribution and 
heat trasfer coefficient on the moving surface. The effects of the power-law viscosity index, 
the generalized Prandtl number, Peclet number, and material parameter on the temperature 
distribution, as well as the local Nusselt number were discussed in the present study. Numerical 
solutions were carried out for pseudoplastic fluids (n < 1), Newtonian fluids (n = 1), and dilatant 
fluids (n > 1) with Pr = 10 to 100. 
ANALYSIS 
Consider a continuous horizontal flat plate with thickness 2~i, which is emerged from a slot 
at fixed temperature To and is continuously moving with steady velocity U~ in an otherwise 
quiescent non-Newtonian fluid with temperature Too (Figure 1). 
Two different stationary axes are chosen with the origin located at the slot. The positive x 
axis extends parallel to the plate and in the direction of its motion. The y axis for the fluid is 
outside the plate; the one for the plate is within the plate and is denoted by yp. The two y scales 
originate at the slot and extend upwards. Viscous dissipation isneglected in the energy equation. 
The fluids are assumed to follow the Ostwald-de Waele power-law model. The boundary layer 
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T~ 
Figure 1. Schematic diagram of the system. 
equation may be expressed in dimensionless form as 
OU OV 
o-~ + by =0, 
OU OU 0 
U -ffx + V o y - O Y 
09 O0 1 020 u-~+ v - 
OY Pr OY 2' 
where Pr is the generalized Prandtl number, defined as 
P r -  L Uw Re_2/(n+l). 
c~ 
The boundary conditions for the flow field are 
(1) 
( oun-l  ou ) 
bY oF ' (2) 
(3) 
U=V=O=O,  X=O,  Y>0,  (4) 
V=l ,  V=0,  O=Op(X, 1), X>_O, Y=0,  (5) 
U~0,  0~0,  X>0,  Y--.co. (6) 
The flat plate is assumed to be of finite thickness and large width, as occurred in the extrusion 
process. According to the analysis of Karwe and Jaluria [10], the conduction i  the plate is taken 
into account at present. The energy equation for the plate is 
Uw OTp = O~p 02Tp 
ox ov# ' (7) 
where T v and a v are the temperature and thermal diffusivity of the plate, respectively. 
Equation (7) may be rearranged in dimensionless form as 
OOv_ 1 020p 
OX Pe OYp 2' (8) 
with the corresponding boundary conditions 
(?v( O, Yv) = 1, X = O, 
00), 
oYp =0, x>0,  
00 v 00 v=o ovp=a~ bY ' x>0,  
Yp--0~ 
Yv=l ,  
(9) 
(10) 
(11) 
102 S.-Y. TSAI AND T.-H. HSU 
where R is the property parameter and Pe is the Peclet number defined, respectively, as 
/ kpC 52U,~ 
R=, , .k - - - -  p v  pppC and Pe= asL"  
The above equations, i.e., (1)-(3) and (8), are generalized by using the following nondimension- 
alization 
X X n+l V~ yp 
X=~,  Y -  L ' YP = -6-' 
U V n+l  Re T - Too 
U=~-W- w, V -Tw,  O=To_-""'S~ ~,  
= _ _  - Too 
T0- 
The local Nusselt number is given by 
hx X COO , 
Nux = -~- = -Re  -1/(n+1) 0-~ cOY IY=0 (12) 
where Re is the generalized Reynolds number defined as 
Re - p_ , -nU2 L n 
K 
The skin friction coefficient is defined as 
CI = ~ = 2Re -1/(n+I) \Oy]y= o. (13) 
NUMERICAL  PROCEDURE 
The solutions to equations (1)-(3), (8) were solved by the cubic spline collocation method [15]. 
The x-direction space was divided into 31 steps. Whereas, the thermal boundary of the fluid 
and the half thickness of the plate were divided into 51 and 21 nonuniform steps, respectively. A 
smaller grid spacing of the mesh points in the neighborhood adjacent to the surface as well as to 
the origin portion of the moving plate was chosen. 
Equations (1)-(3) and (8) are transformed into the following form: 
qo~ +1 = Fij + G.. m n+l + Sij Mn+l 
• " z3  ~ i j  " "~ i j  ' (14) 
in which qo represents he functions U, 0, and On; m and M are the first and second derivatives 
of qo; and n is the number of false time steps. 
Equation (14) may be rearranged in tridiagonal form as 
~n-}- 1 (bn-b I ,,An+ 1 Aij ~'i,j-i + Bij .~  + Cij "~,j+1 = D~j, (15)  
where ¢ refers to U, /9, and 0p or their first two derivatives. Equation (15) may be solved easily 
by the Thomas algorithm. The solutions are obtained when the following convergency criterion 
is satisfied 
< 10 -4. (16) 
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RESULTS AND DISCUSSION 
Numerical results were obtained for a flow index n of 0.2, 0.5, 0.8 (pseudoplastic fluids), n -- 1 
(Newtonian fluid), and n = 1.5, 2 (dilatant fluids); Prandtl number Pr of 10, 50, and 100, and 
various material parameters. 
Figures 2 and 3 display the surface temperature distribution and generalized Nusselt number 
for various fluids characterized by different power-law indices. The surface temperature is higher 
for pseudoplastic fluids (n < 1) than for dilatant fluids (n > 1). On the other hand, significantly 
different behaviour of the local Nusselt number is found for various fluids. The local Nusselt 
number is larger for dilatant fluids in the portion near the slot (X = 0). Then, as X increases, the 
difference reduces quickly, and at certain X-values the local Nusselt numbers for pseudoplastic 
fluids exceed those of dilatant fluids. This phenomenon can explain the fact that the surface 
temperature is lower for dilatant fluids near the slot, whereas, the surface temperature difference 
gets smaller gradually between the two different fluids in the downstream portion. Furthermore, 
for each fluid, the Nusselt number is observed to approach a constant value as the distance from 
the slot increases. The effect of the generalized Prandtl number on the heat transfer coefficient 
is shown in Figure 4. As excepted, larger Prandtl numbers yield higher local Nusselt numbers. 
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t Pr=lO I Pe=0.1 R=0.5 
0.8  
n~0.2  
0.6 ~ 0.5 
1.0  
7 
0.4  - 
0"20 0 .4  0 .8  1.2 1.6 2 .0  2 .4  
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Figure 2. Effect of the viscosity index n on the surface temperature distribution. 
Figures 5 and 6 show the surface temperature distribution and heat transfer coefficient affected 
by the Peclet number Pe. For larger values of Pe, the plate is exposed for short durations to the 
cooler ambient fluids. Hence, less energy is lost from the surface. Therefore, larger values of Pe 
imply higher surface temperature and local Nusselt number. 
The effect of the material parameter R on the thermal field is illustrated in Figures 7 and 8. 
For smaller values of R, i.e., for a plate with high conductivity or large thermal capacity, the 
plate temperature drops very gradually. As a result, the local Nusselt numbers are also larger 
for smaller values of parameter R. 
Figure 9 shows the variation of the skin friction coefficient with the distance along the plate. 
It is seen that the skin friction coefficient decreases monotonically along the surface. In the 
region near the slot, i.e., X < 0.2, the values of the skin friction coefficient are higher for dilatant 
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Figure 3. Local Nusselt number  for different viscosity indices n. 
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Figure 4. Effect of the Prandt l  number  Pr  on the local Nusselt  number.  
fluids than for pseudoplastic fluids. On the other hand, a quite opposite behavior of the friction 
factor of both pseudoplastic and dilatant fluids is observed for X > 0.2. The velocity profiles 
for different fluids at X -- 2.4 are shown in Figure 10. As expected, the velocity distribution is 
higher for pseudoplastic fluids and smaller for dilatant fluids. 
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Figure 5. Effect of the Peclet number Pe on the surface temperature distribution. 
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Figure 6. Local Nusselt number for different Peclet numbers Pe. 
2.4 
CONCLUSION 
The problem of the steady-state, self-induced forced convection heat transfer from a moving 
plate in power-law non-Newtonian fluids has been studied numerically using the cubic spline col- 
location method. The power-law index n and generalized Prandtl number significantly influence 
both the flow and thermal fields. It is shown that the surface temperature distribution is lower 
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Figure 7, Effect of the parameter R on the surface temperature distribution. 
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Figure 8. Local Nusselt number for different parameters R.
I 
2.4 
for dilatant fluids. The pseudoplastic fluids exhibit higher Nusselt number in the region far from 
the slot. For each fluid, the Nusselt number is observed to approach asymptotically a constant 
value as the distance from the slot increases. An increase in the value of the Prandtl number 
results in an increase of the Nusselt number for each fluid. Further, it is found that a distinctively 
different friction factor distribution is observed for the present fluids. 
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Figure 9. Effect of the viscosity index on the friction factor. 
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Figure 10. Velocity profiles for different viscosity indices n at X = 2.4. 
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